We have studied the anomalous Hall effect (AHE) in strained thin films of the frustrated antiferromagnet Mn3NiN. The AHE does not follow the conventional relationships with magnetization or longitudinal conductivity and is enhanced relative to that expected from the magnetization in the antiferromagnetic state below TN = 260 K. This enhancement is consistent with origins from the non-collinear antiferromagnetic structure, as the latter is closely related to that found in Mn3Ir and Mn3Pt where a large AHE is induced by the Berry curvature. As the Berry phase induced AHE should scale with spin-orbit coupling, yet larger AHE may be found in other members of the chemically flexible Mn3AN structure.
The realization of large anomalous Hall effects (AHE) in antiferromagnets is of significant importance from both a fundamental and practical perspective [1] . Conventionally, the AHE is considered proportional to magnetization and so large effects are not anticipated in antiferromagnets. However, over the last decade it has been appreciated that a spontaneous AHE can arise in antiferromagnets with zero net magnetisation that break certain symmetries, usually via the inclusion of spin-orbit coupling (SOC) [2] [3] [4] [5] . In addition to SOC a lack of inversion symmetry is also required, such as found in non-collinear antiferromagnetic (AFM) structures that arise from geometric frustration. In such scenarios, non-trivial electronic band structures lead to large values of the Berry curvature and, consequently, a large AHE. From a fundamental perspective, the AHE in antiferromagnets is of interest as the underlying physics also give rise to exotic quasiparticle excitations, such as the recently observed Dirac and Weyl fermions [6, 7] . From a technological perspective, the AHE offers novel opportunities in spintronics devices that utilize control of the AFM state despite zero magnetization [8, 9] .
Mn antiperovskites, with general formula Mn 3 AN, have attracted a revival of interest due to a range of fascinating phenomena, such as temperature independent resistivity [10] , abnormal thermal expansion [11] , and barocaloric effects [12, 13] . These properties are underpinned by a non-collinear AFM structure and magnetovolume coupling that induces strong first-order character to the magnetic transitions. Moreover, the chemical flexibility of the structure allows many elements to be doped on the A site, providing synthetic control of their functional properties [11] . In thin film form the family are predicted to host giant piezomagnetism, a linear dependence of the magnetisation on the elastic stress * Corresponding author: d.boldrin@imperial.ac.uk tensor [14, 15] , a characteristic we have recently demonstrated experimentally in Mn 3 NiN thin films [16] . Taken together, these materials offer a unique mixture of magnetic and structural properties and yet the magnetoconductance is a property that is as yet little examined [17] , particularly as a function of strain.
We consider the A = Ni member of the family, Mn 3 NiN, studied previously in the bulk for its nearlyzero temperature dependent resistivity [10] , above its strongly first-order paramagnetic to AFM transition at T N = 260 K, where the material undergoes a 0.4 % volume change. In the AFM phase, the moments which reside on the Mn sites undergo a temperature dependent rotation between two high-symmetry structures on cooling, termed Γ 5g and Γ 4g (see Figs. 1(a) and 1(b), respectively) both closely related to the magnetic structure found in the binary alloys Mn 3 A [18, 19] . In this article we investigate the AHE in Mn 3 NiN thin films grown on (LaAlO 3 ) 0.3 (Sr 2 TaAlO 6 ) 0.7 (LSAT) and SrTiO 3 (STO) substrates which produces a small tensile/compressive inplane biaxial strain of the order of ±0.1 %. We find the AHE neither scales directly with magnetization nor the electrical conductivity, as would be expected conventionally. Instead, we observe an enhanced AHE in the AFM state consistent with that expected for non-collinear antiferromagnets with an enhanced Berry phase contribution. The intrinsic AHE originated from the Berry phase can be attributed to the Γ 4g magnetic configuration, consistent with the symmetry analysis [20] , and we find that in-plane compressive strains enhance the AHE leading to a significant piezospintronic effect.
Thin films of Mn 3 NiN were grown as described in [16] . The sample primarily examined in this study is a 50 nm thick Mn 3 NiN film on a (001) LSAT substrate. The anomalous Hall conductivity is also compared to a second 100 nm film on LSAT to study reproducibility, and to a 100 nm film on (001) STO to examine the influence of strain. X-ray diffraction (XRD) data collected along the [00l] direction on the 50nm Mn 3 NiN grown on LSAT is shown in Fig. 1(d) along with high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM). The XRD shows that the film peak cannot be distinguished from the substrate peak, and that the film therefore is strained relative to the bulk material by growth on the substrate. The HAADF-STEM shows a highly crystalline film, although with a slight rotation around the [110] direction relative to the substrate. Four terminal magnetotransport measurements were performed as a function of temperature using the standard van der Paauw method. The temperature dependent longitudinal resistivity, ρ xx , is shown in Figs. 1(e) along with the temperature dependent magnetization performed using the VSM option of a Quantum Design Physical Property Measurement System (PPMS-9T). The residual resistance ratio of 1.5 is in line with structurally similar films [21] . The film shows a transition to an AFM state at T N = 250 K.
In order to calculate the intrinsic anomalous Hall conductivity and the Berry phase contribution, the projector augmented wave method as implemented in the VASP code [22] was used, where the exchange correlation functional is formulated in the generalized gradient approximation as parameterized by Perdew-Burke-Ernzerhof [23] . Our results were obtained using a 13x13x13 Γ-centered k-mesh sampling and a 500 eV energy cut-off to guarantee good convergence. The valence configurations of Mn, Ni and N, are 3d 6 4s 1 , 3d 8 4s 2 and 2s 2 2p 3 , respectively. The scheme in Ref. [24] was followed so as to project the obtained DFT Bloch wave functions onto maximally localized Wannier functions (MLWF). The MLWF [24] , which were constructed for the s, p, and d orbitals of the Mn and Ni atoms, and the s and p orbitals for N, generated on an 8 × 8 × 8 k-mesh. The intrinsic anomalous Hall conductivity is evaluated by integrating the Berry curvature using the Wanniertools [25] on a 500 × 500 × 500 k-mesh, according to the formula [26] :
(2) where f [ǫ(k) − µ] denotes the Fermi distribution function with Fermi energy indicated by µ, and ǫ kn (ǫ km ) are the energy eigenvalues corresponding to occupied (unoccupied) Bloch band n (m), ν α (k) (ν β (k)) corresponds to the velocity operator in Cartesian coordinates.
We turn now to the magnetotransport measurements performed at different temperatures above and below T N . Regarding the measurement geometry, it is important to note that the kagome (111) plane that the moments reside in lies at ∼45 degrees to the film surface normal, as shown in Fig. 1(c) . In the Mn 3 A materials, the maximum AHE is observed when the applied field is in the kagome plane, and both voltage and current are orthogonal to this [5] . In our thin films, we are unable to access this geometry. Instead, the applied field is applied normal to the film surface along c, with voltage and current directions both orthogonal to this axis and each other.
The Hall conductivity, σ xy , is commonly defined as σ xy = -ρ xy /ρ xx 2 in the small Hall angle regime, ρ xy << ρ xx , which in our case ρ xy /ρ xx is smaller than 0.007 at all temperatures. Plots of σ xy (H) at different temperatures for the 50 nm film on LSAT are shown in Fig. 2(a) and can be compared directly with magnetization measurements (out-of-plane) in the same field region in Fig.  2(b) . The shape of both Hall conductivity and magnetization are closely matched in the region shown above and below T N . However, it is clear that the magnitude of σ xy is quite different above and below T N whereas the magnitude of the magnetization remains roughly constant.
Conventionally, measurements of transverse resistivity have contributions from the normal Hall effect proportional to the applied field, R 0 H, and a term proportional to the magnetization, R S M . As discussed, a further intrinsic term can contribute when a non-trivial electronic band structure causes a large Berry curvature. Deconvoluting these effects can be performed by observing their temperature dependencies [6, 27] . In Fig. 2(c) we compare directly the temperature dependence of the Hall conductivity, |σ xy |, (where the normal Hall contribution has been removed, see Fig. 2(a) magnetization M sat . For a simple collinear ferromagnet one would expect σ xy to scale with the magnetization. This relationship approximately holds between 300 K and 250 K where the magnetization increases linearly and the small but finite |σ xy | behaves similarly. However, below T N |σ xy | increases steadily and does not saturate until T ∼ 50 K, whereas the magnetization peaks at T N and remains roughly constant upon further cooling. To check the reproducibility of this result, we performed further measurements on a 100 nm thick film, again grown on LSAT. |σ xy | shows a remarkably similar temperature dependence, although saturates at roughly half the value of the 50 nm film at 10 K (see Fig. S1(a) ). Evidently, the behaviour below T N cannot be reconciled with the conventional description of the AHE being proportional to magnetization. Further understanding of the origins of the Hall conductivity can be gained through comparison with the longitudinal conductivity [6, 27] . Extrinsic contributions to the AHE are caused by scattering processes, which have similar temperature dependencies to the longitudinal conductivity. Thus, the scaling of both, in the absence of changes to magnetization, is given by the relationship [27, 28] :
where σ xx,0 is the residual conductivity and σ int xy is the intrinsic anomalous Hall conductivity. A plot of |σ xy | against σ xx 2 is shown in Fig. 3(a) for the 50 nm film on LSAT and the temperature dependence of σ xx is in Fig. 3(b) . Whilst the relatively small RRR of our film does not allow access to a large range of σ xx values as a function of temperature, certain trends can be seen in the data. Firstly, between T N and ∼150 K, where both the magnetization and longitudinal conductivity remain relatively constant (the latter changing by < 10 %), |σ xy | changes by an order of magnitude in a non-linear relationship with σ xx 2 . Secondly, below 150 K, σ xx begins to increase more rapidly, changing by ∼ 40 % by 10 K, whilst |σ xy | begins to plateau. In this region, |σ xy | has a much more linear dependence with σ xx 2 . This suggests the region has a contribution from extrinsic scattering-type processes, which is expected at low temperatures due to the increased carrier lifetime with larger σ xx . In the high temperature regime, the non-linear dependence of |σ xy | with σ xx 2 is not consistent with extrinsic scattering processes. Thus, we conclude that this behaviour of |σ xy | in this regime cannot be accounted for by either extrinsic scattering processes or changes in magnetization.
Large intrinsic contributions to the AHE in Mn 3 A materials have recently been shown to arise from large Berry curvature [5] due to the breaking of both time-reversal and certain spatial symmetries [2] . We note that the magnetic structure of Mn 3 NiN is remarkably similar to that found in Mn 3 Ir and Mn 3 Pt, where a large AHE has been predicted in the former and observed in the latter [2, 9] . This strongly suggests that the observed increase in AHE below T N in Mn 3 NiN is of similar origins to Mn 3 A, i.e. a large Berry curvature from the non-collinear antiferromagnetism. Two noteworthy differences are (i) in Mn 3 NiN the moments have been rotated within the (111) plane between two different magnetic structures, Γ 4g and Γ 5g (See Fig. 1(a-b) ), and (ii) the thin films have a small moment induced by the piezomagnetic effect [16] .
The calculated anomalous Hall conductivity (AHC) in Mn 3 NiN as a function of strain is shown in Fig. 4(a) , along with the experimentally measured values at 10 K in the two LSAT films previously discussed. To compare the experimental strain dependence of the AHE with the predicted values we have also measured a 100 nm Mn 3 NiN film on an STO substrate (the preparation of which is described in [16] ), also plotted in Fig 4(a) and the full temperature dependence in Fig. S1(b) . It is clear that compressive (tensile) strain enhances (reduces) the intrinsic AHC, as obtained by DFT calculations assuming the Γ 4g magnetic structure. It is noted that the unstrained Γ 5g state is invariant under the application of M 110 and equivalent mirror planes. Such symmetry operations oddly transform the Berry curvature, which vanishes after integrating over the whole Brillouin zone [17] . Hence, all AHC components are zero. When finite strain is applied the symmetry is reduced to space group C2/m (12.58), forcing only σ z to be zero (see Fig. S2 ). However, the unstrained Γ 4g state is invariant under the application of the combined T M 110 and equivalent symmetry operations. In this case, the Berry curvature is evenly transformed, leading to finite AHC values [17, 20] . In the strained case, the symmetry operations impose σ x = σ y = 0 and σ z = 0. The form of the AHC tensor for both strained configurations was constructed using Ref. [29, 30] and it is presented in Table I . Similar behavior of the AHC is predicted for unstrained Mn 3 GaN [17, 31] . We note that the magnitude of the experimentally observed AHC is one order of magnitude smaller than the values from DFT calculations. This can be attributed to the possible mixture of the Γ 5g and Γ 4g states which are separated by an energy barrier, because the Γ 4g state is less than 0.7 meV lower in energy than the Γ 5g state. Large variation in the AHC can also be caused by variation in electronic doping (see Fig. 4(b) ), e.g. a shift of the Fermi energy by 0.05 eV leads to a change of 150 S cm −1 in the calculated conductivity value. Interestingly, as the anomalous Nernst effect is related to the derivative of AHC with respect to the Fermi energy, Fig.  4 (b) suggests it should be significant in these materials.
The intrinsic contribution shown here relies on the finite spin-orbit coupling interaction in Mn 3 NiN. The AHC is vanishingly small if the spin-orbit coupling is set to zero. This can be understood when considering that the magnetic moments of all atoms form a coplanar spin configuration and the R S T symmetry is preserved in the absence of spin-orbit coupling [20] . This is indeed observed in our explicit calculations on both Γ 5g and Γ 4g configurations (see Fig 4(a) ). That is, we find that the topological Hall contribution in the co-planar spin geometry is insignificant. Furthermore, we suspect that there would be no net contribution to the AHC due to the Weyl points [3] . This is due to the fact that the Weyl points always appear in pairs with opposite chiralities and for magnetic materials they are supposed to be at the same energy [34] .
In Table II we summarise the magnitude of the AHE in Mn 3 NiN and compare to a number of other magnetic materials. Firstly, we see that σ xy is an order of magnitude larger in the AFM state despite only a doubling of the size of M . Compared to an Fe thin film, the relative strength of the AHE to M in Mn 3 NiN is around triple, further evidence that it is larger than expected. In antiperovskite Mn 3 CuN, where the magnetic structure is a collinear antiferromagnet, the AHE is roughly 5 times smaller than for A = Ni, and relative to its magnetization it is an order of magnitude smaller. In the purely AFM Mn 3 A materials σ xy is 5 times larger, whilst in the ferromagnetic Fe 3 Sn 2 [6, 35] and Co 3 Sn 2 S 2 [33] σ xy is 9 and 50 times larger, respectively; all these examples have large SOC from Sn or Pt which in turn increases the Berry curvature driven AHE. The Mn 3 AN material family is chemically flexible, with the A site taking many transition and post-transition metals, such that elements with large SOC may be incorporated. Therefore, our results should spur further experiments for an enlarged AHE with large SOC elements, but also theoretical work to reveal the underlying physics giving rise to these effects.
In conclusion, we have measured the AHE in strained thin films of Mn 3 NiN and compared our results with theoretical prediction of the intrinsic effect for the Γ 4g AFM phase in addition to its strain dependence. We find a large Berry curvature induced by the non-collinear AFM structure which is of similar origin as that found in the isostructural Mn 3 Pt. Theoretical analysis demonstrates that the intrinsic AHE is highly sensitive to strain, doping and the ratio of Γ 5g and Γ 4g . Moreover, the AHE relies on spin-orbit coupling and therefore larger effects can be expected in the wider Mn 3 AN family with heavier A elements. The predicted strain dependence of the AHE, displays a sharp change in the AHC relative to the Fermi energy for compressively strained films indicating that a large anomalous Nernst effect is expected in these materials. Recent papers demonstrating manipulation of AFM structures by growth on piezoelectric substrates [9] could inspire similar developments in Mn 3 AN thin films where one could create large piezospintronic effects via strain coupling. structure.
